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1 Introduction 

Past and current research at Montana State University has been focused on several aspects of ultra-high 
performance concrete (UHPC). To capitalize on this research, the current research project is focused on 
exploring additional applications of UHPC in Montana bridges. The specific tasks associated with this 
research are as follows: 

Task 0 – Project Management 

Task 1 – Literature Review  

Task 2 – Material-Level Evaluation 

Intermediate Technical Panel Meeting Task  

Task 3 – UHPC Overlay Projects, Material Specifications, and Implementation Issues 

Task 4 – Structural Testing  

Task 5 – Analysis of Results and Reporting 

As discussed in the Task 3 Report, Task 4 has been modified from the original proposal and is now focused 
on identifying and testing structural elements in order to quantify the effects that UHPC overlays have on 
the behavior and capacity of existing bridge decks. This report documents the work completed as part of 
Task 4. 

2 Previous UHPC Overlay Strength Testing 

A review of previous research on slabs with UHPC overlays was conducted prior to Task 4, and was 
included in the previously submitted Task 1 Report. The goal of this review was to determine which aspects 
of UHPC overlay structural design had been experimentally tested and what additional information would 
be ideal to gather as part of the current study. Table 1 provides a summary of the key aspects of this literature 
review.  

The key takeaways from the literature search were that only Iowa State University has conducted strength 
testing on slabs with UHPC overlays and all failures observed were shear failures initiated in the substrate 
concrete. The test slabs had a minimum depth of 8” (not including the overlay). Although current bridge 
deck design in Montana does not allow for a deck depth less than 8”, there are many older bridges with 
thinner decks, as they were (of course) designed based on old requirements. These bridges may be the best 
candidates for UHPC overlays in the future, and for this reason, the structural testing of the current project 
is focused on thinner decks than what have been tested by others. 
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Table 1: Summary of previous UHPC structural slab testing [1-3] 
Org. Testing Performed Overlay 

Thickness 
Results Notes 

Iowa State 
University 

Overlay on fabricated ‘precast’ 
element. 2’x8’x8” with standard 
AASHTO reinforcement. Tested 
on 6 ft clear span, with steel plate 
(10”x20”) in the middle for truck 

tire. First loaded to just above 
cracking values. Then loaded to 

cracking and failure. 

1.25” All eventually failed in shear in the 
NC at 70 kips. 4.4 times the design 
load. No slip observed. Estimated 
shear capacities were much lower 
than slant shear, due to substrate 

concrete failing. UHPC could 
experience much higher. They then 
created a model to estimate moment 

curvature that was within 10% of 
measured values. 

Used non-thixotropic 
mix. Tarped cured for 2 

days then air cured. 
Some had delamination 
from drying shrinkage. 

Iowa State 
University 

Continuation of above, but tested 
no overlay, overlay on top with 

reinforcement and on bottom with 
reinforcement. 

1.5” Observed an increase in strength, 
though wire mesh didn’t contribute 
much to negative moment because 

the area was fairly small. More steel 
could help, though would increase 

weight. 

Maybe if we tested a 
slab that was as thick as 

the ones with the 
overlay to better 

compare. Baseline 
without overlay also 

good to test. 
New 

Mexico 
State 

University 

Slab tests for shrinkage, channel 
girder with and without overlay. 
Cyclic loading, 4-point flexural 

testing to a set midspan deflection. 
1000 load-unload cycles. 2 cycles 

per min for first 100. Then 4 
cycles per min for next 900. Then 

loaded to failure. 

1” Steel helped with shrinkage. 27% 
increase in strength for same 0.4” 

deflection. Maintained elastic 
behavior. 

Measured roughness 
with sand test ASTM 
E965. Had a 1000-kip 
capacity compression 

machine. 

3 Experimental Design 

3.1 Overview 

Five slab designs were tested in this research. The key design parameters (span, thickness, rebar 
reinforcement, etc.) are based on the existing Fred Robinson Bridge, which spans the Missouri River on 
Highway 191 in Northeastern Montana. A cross-section of the existing bridge deck is shown in Figure 1.  
  

  

Figure 1: Section from Fred Robinson Bridge drawings. The red box shows the approximate location of the test 
slabs’ representation of the bridge deck and the girder supports shown later in Figure 2. 
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The test specimens in this research represent small sections of the overall bridge deck; specifically, four of 
the test specimens are intended to replicate the slab sections in positive bending spanning between the 
girders and one of the test specimens is intended to represent the slab section in negative bending spanning 
over the girders.  An isometric view of a typical slab specimen is shown in Figure 2. Note that more specific 
details of the various specimens will be covered in a later section. 

 
Figure 2: Test Slab Isometric View (with an example UHPC overlay shown). 

3.2 Loading, Supports, and Data Acquisition 

The slab specimens were tested in 3-Point bending, similar to the research conducted at Iowa State 
University, with the load applied following AASHTO recommendations for standard tire load and 
orientation. In this setup (Figure 3 and Figure 4), the specimens were simply supported, and a load was 
applied at midspan with a hydraulic actuator. The load was transferred to the specimen with a 10” by 20” 
steel plate, intended to represent a standard tire load between the girders. The specimens were tested until 
failure while recording the applied load and resultant displacements. The load was recorded with a load cell 
attached to the end of the actuator, and string potentiometers were used to record the resultant 
displacements. The displacements were recorded on both sides of the specimens at the midspan and on one 
side of the specimen at the quarter spans. A GoPro was used to record videos during all tests. All slabs were 
loaded to a midspan displacement of at least 3.5” (4.7% of span length). 

 
Figure 3: Schematic of test set-up. 
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a) Load truck and steel plate 

 
c) Isometric view of entire setup 

 
b) Top view of slab 

Figure 4: Test set-up 

3.3 Test Slab Details 

As discussed above, the slab specimens are intended to represent sections of a bridge deck slab spanning 
between the longitudinal bridge girders (and one that represents a slab spanning over the girders subjected 
to negative moment). The primary slab dimensions and reinforcement details mimic those found in the 
existing Fred Robinson bridge. All specimens had the same width (21 inches), length (93 inches), test span 
(75 inches), and reinforcement details, but varied in the depth of UHPC overlay, loading condition, and 
concrete strength. The reinforcement details for all specimens (Figure 5) include longitudinal steel 
consisting of an alternating pattern of #5 grade 60 rebar. There is one set with a top and bottom bar (outside 
edges of the test slabs) and another with a bent that drops down between the supports (refer to bent bar label 
in Figure 2 isometric view). The transverse steel consists of #4 bars spread across both the top and between 
the bent longitudinal #5 on the bottom. The top clear cover is dependent on the overlay thickness and bottom 
clear cover is 1”. The longitudinal rebar for one test slab is in a flipped orientation and will be discussed 
below. 
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a) Top View 

 

b) Front View 

 

c) Side View 

Figure 5: Test slab dimensions and reinforcement details (all dimensions shown in inches). 

The 5 test specimens consisted of one control slab, two slabs with varying UHPC overlay depths, one with 
UHPC overlay with weak substrate concrete, and one tested in negative bending (with UHPC overlay on 
the bottom in test setup). The specifics of the 5 test slabs are presented below. The naming convention 
chosen for the slabs is Control for the control slab and then follows a “O – P/N R/W” naming convention 
for the overlay slabs, where the first letter signifies Overlay, the second letter Positive or Negative for the 
moment loading, and the third letter Regular or Weak for the substrate concrete strength. 

1. Control: a 6.25-inch thick slab made with regular-strength concrete (~4 ksi). 

2. O-PR1: Overlay-Positive Regular 1 – a slab specimen with target overlay thickness of 1.5 inches to be 
tested in positive moment with regular substrate concrete (~4 ksi). 

3. O-PR2: Overlay-Positive Regular 2 – a slab specimen with target overlay thickness slightly more than 
the 1.5 inches specified in O-PR1 to be tested in positive moment with regular substrate concrete (~4 
ksi). 

4. O-PW: Overlay-Positive Weak – a slab specimen with target overlay thickness slightly more than the 
1.5 inches to be tested in positive moment with weak substrate concrete (~2 ksi). 

5. O-NR: Overlay-Negative Regular – a slab specimen with target overlay thickness slightly more than 
the 1.5 inches to be tested in negative moment with regular substrate concrete (~4 ksi). Note that this 
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specimen was tested using the same test setup as the other specimens, but the UHPC was on the bottom 
of the slab during testing, and therefore in tension. Additionally, the reinforcement was flipped before 
casting (i.e., the center bent bar is flipped in Figure 2), so that the areas of “top” and “bottom” steel are 
consistent with the other slabs. 

Overall, the control slab will yield a baseline for which to compare the results of the other slabs and the test 
results from the O-PR1 and O-PR2 slabs will yield a comparison of slightly differing overlay thicknesses. 
Deck concrete cores taken from older bridges can sometimes yield lower than expected strengths. The test 
results from the O-PW slab will shed light on how a UHPC overlay will affect the capacity on a deck with 
weak substrate concrete. Bridge decks are subjected to loading that causes both positive and negative 
moments. In the negative moment regions, the overlay will be in tension and the UHPC will increase the 
tensile capacity of the slab. The test results from the O-NR slab will help better understand this behavior.  

4 Specimen Construction and Preparation 

4.1 Formwork and Reinforcement 

Figure 6 shows the formwork and reinforcement for a typical specimen during construction. The formwork 
was constructed using 0.75-inch plywood sheets and 2-by-8-inch fur boards. The bottom rebar was placed 
on 1-inch chairs at the bottom of the forms, while the top reinforcement was hung from the top of the forms, 
as shown. Form oil was applied to the forms prior to casting. 

  
Figure 6: Example slab formwork and reinforcement before casting. 

4.2 Substrate Concrete Surface Preparation 

The surface of an existing slab will need to be prepared for a UHPC overlay. This process can be done 
several ways; however, MDT and the FHWA recommend hydrodemolition. A surface retarder 
(MasterFinish XR Lilac, Appendix A) was used in this research to simulate a hydrodemolitioned surface. 
Test panels were cast to test the surface retarder application procedures and allowable set times and to gain 
confidence in creating the final desired surfaces. Based on the test panel findings, the slab specimen surfaces 
were heavily coated and sprayed off at around 20 hours. Overall, after experimenting on the test panels 
(Figure 7), the researchers felt confident that the desired surface preparations would be achieved on the 
full-scale slabs’ substrate concrete. Also, due to the recommendations on the technical data sheet, additional 
test panels were made when the slabs’ substrate concrete was cast to have surfaces to test spray to ensure 
desired behavior before preparing the slabs themselves.  
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Figure 7: “Hydrodemolition” Test Slab (Left Sprayed at 7 hours. Right Sprayed at 20 hours.) 

4.3 Weak Mix Concrete Trials 

For the O-PW slab, a weak concrete mix was developed. Due to the atypical nature of designing a 2 ksi 
strength concrete, a few trial batches were performed to fine tune the mix design. Using a PCA Table 12-
3, the water cement ratio of a standard 5 ksi mix from MSU was altered for a weaker mix [4]. Trial batches 
(0.2 ft3 volume) were cast with water cement ratios ranging from 0.8 to 0.85 to reduce the strength. After 
several tests, it was decided to use the mix design shown in Table 2 for a 3-ft3 batch, as it would yield a 
mix with ~2 ksi strength at the time the slab would be tested. 

Table 2: Weak substrate concrete mix design for a 3 ft3 batch 
Item Weight (lbs) 

Water 44.6 
Cement 55.3 

Coarse Aggregate 218.4 
Fine Aggregate 116.1 

Additionally, the substrate concrete surface preparation technique was tested on the weak mix. A test panel 
was cast and prepped following the process described previously. The surface had adequate results after 
being sprayed at 24 hours, though it was noted that it took much longer for the surface bleed water to 
dissipate. 

4.4 Casting Substrate Concrete 

The four regular strength substrate concrete slabs (Control, O-PR1, O-PR2, and O-NR) were cast on the 
same day using a 4 ksi mix provided by Quality Ready Mix in Bozeman, MT. Each slab was vibrated and 
filled to the appropriate height (just above the rebar with concrete paste for the overlay specimens and to 
6.25” for the control specimen). After all surface water had evaporated, the tops of all slabs except the 
control were coated with a thick layer of the surface retarder (Figure 8a). The control slab was simply 
covered in saran wrap. After about 20 hours, the top layers of the overlay specimens were sprayed and 
brushed off (Figure 8b). The slabs were all covered with saran wrap and left to cure for one additional day 



 Task 4 Report – Structural Testing 

 

MSU Civil Engineering/Western Transportation Institute 8 

before being moved, stacked, covered in wet towels, and wrapped in a thin plastic sheet (Figure 9). It should 
be noted that the substrate concrete depth varied along the length of individual slabs and between all of the 
slab specimens. This was likely due to slight differences in the location of the top rebar, and due to 
variations in the amount of concrete removed from the top surface. These variations in depth led to 
variations in the UHPC overlay thicknesses, which will be discussed in a later section.  

The substrate concrete for the O-PW slab was cast on a separate day using the mix design discussed in the 
previous section. It should be noted that it took over an hour for the surface water to evaporate due to the 
high water content of the mix, after which the surface retarder was applied. 

 
a) After surface retarder applied 

 
b) After spray/brush off 

Figure 8: Example slab substrate concrete surface preparation. 
 

 
Figure 9: Formwork stacked for curing. 

4.5 Casting UHPC Overlays 

The UHPC used for this research was a modified version of Ductal provided by LarfargeHolcim. It should 
be noted that Lafarge Holcim recommended a slightly different mix compared to what was tested during 
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Task 2 that included a small amount of Chryso Premia 150 admixture that could be added to reach the target 
flows of 5” for static and 7” for dynamic. The mix design for a 3-ft3 batch is shown in Table 3. For all slabs 
except O-PW, the UHPC overlay was cast 14 days after the substrate had been cast. Two batches were 
required to overlay the specimens. The mix procedures followed those described in the Task 2 Report, with 
the Premia 150 admixture being added in increments after the steel fibers were mixed until the target flows 
were reached. The resultant static and dynamic flows for these two mixes are provided in Table 4, and 
examples of the static and dynamic flows are shown in Figure 10.  

Table 3: Ductal-T Overlay mix design for a 3 ft3 batch 

Item Weight (lbs) 

Water 31.8 
F5 Admixture 4.1 

Chryso Premia 150 0.5 

Steel Fibers 46.5 
Ductal Premix 375.0 

The UHPC overlay for the O-PW slab was cast 3 days after its substrate concrete was cast (Mix 3, Table 
4), using the same UHPC mix design and procedures used in the previous specimens. 

Table 4: Static and dynamic flow values 

UHPC Mix (slabs) 
Flow (in.) 

Static Dynamic 

Mix 1 (O-PR2 and ~O-PR1) 6.0 8.0 

Mix 2 (O-NR and ~O-PR1) 5.5 7.5 
Mix 3 (O-PW) 5.0 7.0 

 

 
a) Static 

 

 
b) Dynamic 

Figure 10: Example UHPC flow tests for Mix 1. 

For all UHPC mixes, the forms were aggressively hit with a rubber mallet to consolidate the material. After 
casting the UHPC and after the surface water evaporated, the slabs were coated with a thick layer of curing 
compound (WR Meadows 1600 White, recommended by Ductal, Appendix B). The slabs during and after 
the application of the curing compound are shown in Figure 11a and b. Additionally, the slabs were covered 
in a layer of plastic wrap to further protect the UHPC (Figure 11c). After 24 hours, the curing compound 
was sprayed off with a pressure washer and scraped with a wire brush until almost all had been removed 
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(Figure 12). The slabs were then covered with wet towels, stacked, and covered with a plastic sheet in the 
same setup as before (Figure 9).  

 
a) Application 

 
b) Finished surface 

 
c) Covered in saran wrap 

Figure 11: Applying curing compound to UHPC overlay surface. 
 

 
a) Spraying off curing compound 

 
b) Final finished surface 

Figure 12: Final UHPC surface preparation steps. 
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4.6 As-built Dimensions and Material Properties 

Key as-built dimensions and material properties are provided in Table 5.  Note that the depth measurements 
of the substrate concrete and UHPC overlay were taken with calipers for all slabs on both sides at center 
span and the average values are provided in the table. For all slabs, the top steel consisted of three #5 bars 
and the bottom steel consisted of two #5 bars. Table 5 also includes the distance from the extreme 
compressive fiber to the top reinforcement, dt, and the distance from the from the extreme compressive 
fiber to the bottom steel, db. These values along with the concrete compressive strengths are required for 
the ACI/FHWA comparison calculations discussed in a later section. The substrate and UHPC concretes 
compressive strengths were tested according to ASTM C39 and ASTM C1856 respectively. The steel rebar 
was tested in tension according to ASTM A370-22 and the yield strength was equal to 71.1 ksi. 

Table 5: As-built Dimensions and Material Properties 
    Dimensions (in.)  Slab Test Day Compressive Strength, f'c 

(ksi) 
Slab Layer  Midpoint Depth dt db UHPC Substrate Concrete 

Control  Total 6.28 1.59 4.97 

18.3 4.1 

O-PR1 

Substrate 4.96 

1.86 5.2 Overlay 1.55 
Total 6.51 

O-PR2 
Substrate 4.82 

2.14 5.33 Overlay 1.83 
Total 6.64 

O-NR 

Substrate 5.13 

1.31 4.82 Overlay 1.55 
Total 6.68 

O-PW 
Substrate 4.50 

1.54 4.42 17.6 2.7 Overlay 1.23 
Total 5.73 

 

5 Slab Test Results 

As discussed above, all specimens were tested to failure in the Structures Lab at MSU.  This section details 
the results for the individual slab specimens. The following section will discuss key takeaways from these 
tests. 

5.1 Control 

The force-displacement curve for the control specimen is shown in Figure 13. Overall, this specimen 
behaved and failed as expected. After applying load, flexure cracks formed at the bottom of the specimen 
near the center at a load of around 4 kips, marked by the change in slope of the force-deflection curve. After 
cracking, the slab continued to gain strength as the rebar was engaged up to 16.7 kips, at which point the 
steel yielded and the load began to level off. The maximum load for this specimen was 21.5 kips, which 
occurred at a deflection of 1.3 inches. Ultimately, the slab failed due to concrete crushing at the midspan 
(Figure 14) with around 4 inches of deflection. The slab demonstrated good ductility, carrying 87% of the 
ultimate capacity until failure.  
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Figure 13: Control slab force-displacement graph. 

 

 
a) Initial Loading 

 
b) Concrete crushing prior to failing 

Figure 14: Control slab during testing. 

5.2 O-PR1 (Overlay-Positive Regular, specimen 1) 

As mentioned previously, O-PR1 was similar to the control specimen but had a ~1.5 inch UHPC overlay 
on the top of the specimen. The force-displacement graph for this specimen is shown in Figure 15. After 
loading, the first sign of distress occurred when the flexural cracks formed at the bottom of the specimen 
(at approximately 4-5 kips). Again, this is marked by a change in stiffness at this load. The specimen 
continued to gain strength until the steel yielded at around 20 kips where there is a gradual reduction of 
stiffness. The specimen then continued to gain strength until it ultimately failed due to the formation of a 
shear crack in the substrate concrete. This shear crack then propagated to the bond interface between the 
UHPC and substrate concrete, which then led to the UHPC overlay debonding across the center of the 
specimen (Figure 16b). The ultimate load occurred at 29.4 kips and at a displacement of around 3.3 inches. 
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It should be noted that there was no distress observed in the UHPC prior to the debonding caused by the 
shear-crack propagation. It should also be noted that the slab specimen continued to carry 83% of the 
maximum load even after the sudden drop of load due to the formation of the shear crack. The slab then 
sustained load after debonding at a capacity close to that of the control slab. After the brittle drop in load, 
the slab recovered and sustained around 83% of the maximum load until testing was stopped at a 
displacement of 4.1 inches.  

 
Figure 15: O-PR1 slab force-displacement graph. 
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a)  Initial Loading 

 
c) Shear crack formation 

 
c) Crack widening/spreading at the end of testing 

Figure 16: O-PR1 slab during testing. 

5.3 O-PR2 (Overlay-Positive Regular, specimen 2) 

As mentioned previously, O-PR2 was very similar to O-PR1 but had had a slightly thicker UHPC overlay 
on the top of the specimen, thus its behavior was very similar. The force-displacement graph for this 
specimen is shown in Figure 17. After loading, the first sign of distress again occurred when the flexural 
cracks formed at the bottom of the specimen (at approximately 4-5 kips). Again, this is marked by a change 
in stiffness at this load. The specimen continued to gain strength until the steel yielded at around 21 kips 
where there is a gradual reduction of stiffness. The specimen then continued to gain strength until it 
ultimately failed due to the formation of a shear crack in the substrate concrete. This shear crack propagated 
to the UHPC overlay, where unlike what was observed in O-PR1, it continued into the UHPC (Figure 18b). 
The shear crack formed at a load of 32.5 kips and a displacement of around 2.3 inches. It should be noted 
though, that the slab continued to carry a significant load after the initial formation of the shear crack, and 
ultimately failed when the shear crack completely propagated through the UHPC. 
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Figure 17: O-PR2 slab force-displacement graph. 

 

 
a) Flexural cracks initially forming 

 
b) Shear crack extending through the overlay 

Figure 18: O-PR2 slab during testing. 

5.4 O-PW (Overlay-Positive Weak) 

The O-PW slab was similar to the previous two UHPC overlay slabs with the exception of the strength of 
the substrate concrete. In this specimen, the substrate concrete had a strength of 2.7 ksi. The force-
displacement curve of this specimen is provided in Figure 19. Under loading, the first observed damage 
was the formation of flexural cracks at around 2.5 kips, again marked by the change in stiffness at around 
this load.  It should be noted that this flexural crack formed at about half of what was observed for the 
previous two specimens, which is directly attributed to the significantly weaker substrate concrete.  Again, 
this specimen continued to gain strength until the longitudinal reinforcement yielded, after which the 
stiffness of the specimen gradually decreased. Ultimately, a shear crack formed in the substrate concrete at 
a maximum load of 22.9 kips and a displacement of 2.6 inches. The shear crack propagated through the 
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UHPC overlay on one side and along the interface on the other side (Figure 20); however, in this case, this 
propagation occurred almost instantaneously, and therefore there is a significant drop in capacity 
immediately after the formation of this initial shear crack. 

 
Figure 19: O-PW slab force-displacement graph. 
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a) Flexural cracks initially forming 

 
b) Shear crack on one end of slab 

 
c) Shear crack on other end of slab 

Figure 20: O-PW slab during testing. 

5.5 O-NR (Overlay-Negative Regular) 

As discussed above, the O-NR slab was tested in a way to simulate a negative moment over the bridge 
girders. This specimen was tested using the same loading scheme used in the previous tests; however, the 
overlay was located on the bottom of the specimen, and the reinforcement was adjusted accordingly. The 
force-deflection curve for this test is provided in Figure 21, and Figure 22 shows the observed damage in 
the specimen. As expected, the behavior of this specimen was unique relative to the other specimens tested 
in this research. In this specimen, no flexural cracks formed immediately after loading due to the high 
tensile capacity of the UHPC overlay. Note the lack of a marked change in stiffness immediately after 
loading. That is, the initial stiffness is maintained until the UHPC begins cracking at around 20 kips, 
followed by a slight reduction in stiffness until reaching a peak load of 29.8 kips at a displacement of 0.55 
inches. At which point, the UHPC cracks completely and there is a sharp loss of capacity, as observed in 
Figure 21.  The capacity dropped to 18.0 kips, and then behaved very similar to the control specimen. This 
is expected since after the cracking of the UHPC the only thing carrying the load is the substrate concrete. 
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The specimen ultimately failed at a deflection of 3.5 inches due to crushing of the concrete at the top of the 
specimen. It should be noted that this slab could fail with little to no warning since the post-cracked moment 
of this specimen is significantly less than its cracking moment. However, this situation may be acceptable 
if the strengthened capacity including the UHPC far exceeds the expected demand on the slab. Additionally, 
although ACI sets strict requirements for beam failures, the requirements are less stringent for slabs, as 
there is more inherent redundancy in the system. Design engineers should acknowledge this behavior when 
considering a UHPC bridge deck overlay. 

 
Figure 21: O-NR slab force-displacement graph. 
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a) Initial loading 

 
b) Crack progressing through 

UHPC with steel fibers spanning 

 
c) UHPC completely split 

 
d) Midspan after failure, showing crushed concrete 

Figure 22: O-NR slab during testing. 

6 Discussion of Results 

The following subsections discuss the key takeaways from this test series.   

6.1 Overall Comparison and Observed Failure Mechanisms 

All five force-displacement curves are shown in Figure 23, and Figure 24 is a plot of the resultant 
deflections along the length of all five specimens at a load of 12.5 kips. As can be observed in these plots, 
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all specimens had similar initial stiffnesses prior to cracking, and all but the O-NR specimen had a marked 
reduction in stiffness below 5 kips due to flexural cracking. Note that the O-NR specimen did not crack 
completely until a load of nearly 30 kips due to the increased tensile capacity of the UHPC overlay, as will 
be discussed in greater detail below.   

Regarding failure mechanisms, the Control slab failed due to concrete crushing in the compression zone at 
midspan, while the three positive moment slabs with overlays had initial failures due to shear in the substrate 
concrete. The fact that these specimens failed in shear rather than from concrete crushing is most likely due 
to the increased ultimate strain of UHPC and the subsequent delay in the onset of crushing. After the shear 
failures and subsequent drops in load, the three overlay specimens were able to partially recover, and hold 
load up to at least 3.5 inches of midspan deflection. It is important to note that although these specimens 
failed in shear, their overall behavior was still ductile due to the longitudinal steel yielding prior to failure. 
It should also be noted that although the overlay was observed to debond from the substrate concrete during 
shear failures, this apparent debonding is most likely due to dowel action on the longitudinal reinforcement, 
which is located at the interface between substrate concrete and UHPC overlay. More details will be 
discussed in a later section when the test results are compared to calculations. 

As stated above, due to the much higher tensile capacity of the UHPC, the O-NR slab does not initially 
crack until a much higher load (~16 kips) compared to the other slabs (~4 kips). This result highlights the 
benefits that a UHPC overlay will have on both a large increase in stiffness and delaying the onset of initial 
surface cracking during negative bending. After the O-NR specimen reached a peak load of nearly 30 kips, 
there is a sudden drop in capacity when the tensile load is transferred solely to the longitudinal 
reinforcement. After this crack forms, the specimen behaves very similar to the control specimen, ultimately 
failing due to concrete crushing at the midspan. 

The following subsections further discuss the effects that various parameters have on the overall 
performance of the slab specimens. 

 
Figure 23: Comparison of all test slabs (force-displacement graphs). 
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Figure 24: Deflections along the test span for all test slabs at 12.5 kips of load. Deflections were measured at 1/4 

lengths (1/4, 1/2, and 3/4), or 18.75”, 37.5”, and 56.25” along the 75” span length. 

6.2 Effects of UHPC Overlay Presence and Thickness 

Figure 25 directly compares the force-displacement plots of the Control, O-PR1, and O-PR2 slabs to 
demonstrate the effect of replacing the top surface of the substrate concrete with a UHPC overlay. Both 
overlay specimens were stiffer and had higher ultimate capacities than the control specimen. Relative to 
strength, the O-PR1 and O-PR2 specimens were observed to be 37% and 51% stronger than the control 
specimen. These differences in stiffness and strength are most likely due to the UHPC overlay specimens 
being slightly deeper than the control specimen (6.51 in. and 6.64 in. vs. 6.28 in. for the control), and the 
fact that the UHPC is inherently stiffer and stronger than the conventional concrete in the control specimen. 
It should be noted, however, that concrete strength does not typically have a significant effect on capacity. 
That being said, an increase in compressive strength would decrease the size of the compression block at 
the top of the specimen, thus increasing the moment arm between the compression force and the tensile 
force. Further, UHPC has a higher ultimate strain than conventional concrete, thus delaying the onset of 
crushing in the overlay. This delay in concrete crushing could also explain the differences in the observed 
failure mechanisms. That is, the control specimen failed due to concrete crushing, while the delayed onset 
of crushing in the overlay specimens forced the failure mechanism into the substrate concrete where it failed 
due to shear.  

Another comparison made on Figure 25 is between O-PR1 and O-PR2, demonstrating the effects that the 
UHPC overlay thickness has on the slab performances. O-PR1 and O-PR2 slabs had total depths of 6.51 in. 
and 6.64 in., respectively, and overlay thicknesses of 1.55 in. and 1.83 in., respectively. Therefore, as 
expected, the deeper specimen had a slightly higher capacity (10.5% stronger). 
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Figure 25: Control, O-PR1, and O-PR2 force- displacement graphs. 

6.3 Effect of substrate concrete strength 

Figure 26 directly compares the force-displacement plots of the Control, O-PR1, and O-PW specimens to 
demonstrate the effects that the substrate concrete compressive strength has on the flexural performance of 
the slabs. As expected, O-PR1 was stiffer and stronger than O-PW due to the increased stiffness and strength 
of the stronger concrete and due to the increased depth of this specimen. O-PR1 was 28.2% stronger than 
the O-PW specimen.  

The Control and O-PW slabs performed similarly despite the large difference in substrate concrete strengths 
(4.1 ksi Control vs. 2.7 ksi O-PW) and total differences in overall depths (6.28 inches for Control vs. 5.73 
inches for O-PW). Both specimens had similar stiffnesses and ultimate capacities were 21.5 kips and 22.9 
kips, within 6.7%. This outcome demonstrates that a bridge deck made with weaker strength concrete can 
achieve a similar performance to a deck made with stronger conventional concrete when reinforced with a 
thin UHPC overlay. This finding holds significant potential for the rehabilitation of existing bridge decks 
made with weak concrete. 

 
Figure 26: Control, O-PR1, and O-PW force-displacement graphs. 
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6.4 ACI/FHWA Predicted Capacities 

The expected flexural and transverse shear capacities of the slab specimens were calculated according to 
methods prescribed ACI 318-19. Note that these calculations used the as-built dimensions and measured 
material properties on the day of testing, as presented in Section 4.6.  

For flexural capacity, the Whitney stress block (with code-prescribed parameters) was used to model the 
concrete (both substrate and UHPC), and the steel was modeled as elastic-perfectly plastic. It should be 
noted that the mechanics in the negative moment specimen (O-NR) differ from those of the positive moment 
specimens, and these mechanics change throughout loading. That is, in this specimen and this loading 
configuration, the UHPC is at the bottom of the member in tension. The behavior of this specimen remained 
linear until the tensile capacity of the UHPC was reached, at which point the UHPC cracked and there was 
a sharp drop in capacity. After cracking, the UHPC has no effect on the behavior of the slab and the 
mechanics are then similar to that of the control specimen.  For this specimen, the ultimate moment capacity 
is calculated according to the mechanics proposed by the FHWA [5], which accounts for the tensile capacity 
of the UHPC (Figure 27).   

 
Figure 27: Assumed mechanics for negative moment capacity calculations, including UHPC tensile strength for 

UHPC bridge deck overlays [5]. 

The transverse shear capacity for each specimen was calculated as 𝑉𝑉𝑐𝑐 = 8𝜆𝜆𝑠𝑠𝜌𝜌𝑤𝑤
1 3⁄ �𝑓𝑓𝑐𝑐′𝑏𝑏𝑤𝑤𝑑𝑑 (ACI 318-19), 

assuming the slab does not meet Av,min, using the concrete compressive strength of the substrate concrete 
and ignoring the increased concrete strength of the UHPC. This assumption is conservative and is consistent 
with observed failures in which shear cracks initiated in the substrate concrete. 

The predicted capacities using the methods discussed above are provided in Table 6, along with the 
measured capacities obtained from the tests. Included in this table are the ratios of measured to predicted 
capacities (Meas/Pred), and the observed failure mechanisms.  

Table 6: Measured vs. Predicted Slab Capacities 

Slab Failure 
Mechanism 

Measured Values Moment Calculations Shear Calculations 
Measured 
P (kips) 

Measured 
Moment (k-ft) 

Measured 
Vc (kips) 

Predicted 
Mn (k-ft) Meas/Pred Predicted 

Vc (kips) Meas/Pred 

Control Concrete crushing 21.5 31.4 10.8 25.6 1.22 11.1 0.97 
O-PR1 Shear in substrate 29.4 42.9 14.7 33.9 1.26 11.4 1.29 
O-PR2 Shear in substrate 32.5 47.4 16.3 35.7 1.33 11.6 1.40 

O-PW Shear in substrate 22.9 33.4 11.5 28.4 1.18 10.2 1.12 

O-NR  Cracking/ 
Concrete Crushing 29.8 43.5 14.9 45.4 0.96 10.9 1.37 
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For the positive moment specimens, the calculated flexural and shear capacities were close to the observed 
capacities and conservative. The ACI capacity calculations accurately predicted the expected failure 
responses in all positive specimens except in O-PW; however, the O-PW Meas/Pred ratios for moment and 
shear were very close. 

As for the negative moment specimen, the FHWA predicted capacity (assuming a tensile stress of 3 ksi) 
was very close to the observed capacity, with a Meas/Pred ratio of 0.96. Note that for the negative moment 
specimen, these capacities are referring to the cracking capacity of the slab. As discussed previously, this 
specimen remained linear until the UHPC cracked in tension, leading to a shift in mechanics and ultimately 
a significant drop in capacity. This behavior (pre-crack capacity exceeding cracked capacity) could lead to 
a brittle failure with little to no warning. However, this situation may be acceptable if the cracking moment 
far exceeds the expected demand on the slab, and/or if the slab was designed to carry no more than the 
cracked capacity. It is also worth noting the calculated capacity of this specimen, ignoring the UHPC in 
tension, was determined to be 24.3 k-ft, which is close to the observed cracked capacity of 28 k-ft. 

It should be noted that while some of the specimens showed signs of the UHPC overlay debonding, it was 
determined that this debonding was not associated with interface shear. As detailed in Appendix C, the 
calculated interface shear capacity was approximately 20 times higher than the interface shear demand on 
the specimens at the highest loads experienced by the slabs. The debonding was most likely attributed to 
dowel action on the longitudinal reinforcement initiated by the propagation of shear cracks.  

7 Conclusions 

In this study, a series of tests were conducted on five reinforced concrete slab specimens to evaluate the 
performance of bridge decks with ultra-high-performance concrete (UHPC) overlays. The slab specimens 
were subjected to flexural loading, simulating the loading conditions of bridge decks between longitudinal 
girders. The test series aimed to investigate the effects of various parameters, such as the presence of a 
UHPC overlay, overlay thickness, substrate concrete strength, and the difference between positive and 
negative moment behavior. 

The test specimens included a control specimen without a UHPC overlay, two specimens with different 
UHPC overlay thicknesses (O-PR1 and O-PR2), a specimen with a lower substrate concrete strength (O-
PW), and a specimen subjected to negative moment loading (O-NR). The slabs were instrumented to 
measure force and the subsequent deflections along their span. The results from the tests were analyzed in 
terms of stiffness, strength, failure mechanisms, and general behavior. The experimental results were also 
compared with the capacities predicted by the ACI 318-19 design code and the FHWA method for negative 
moment capacity calculations. 

The key conclusions drawn from the study are as follows: 

1. The inclusion of a UHPC overlay significantly improved the stiffness and ultimate capacity of the 
positive moment slab specimens. The O-PR1 and O-PR2 specimens exhibited 37% and 51% higher 
strengths, respectively, compared to the control specimen. Further, it was observed that an increase 
in UHPC overlay thickness resulted in a 10.5% increase in strength for the O-PR2 specimen 
compared to the O-PR1 specimen. 
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2. The observed failure mechanisms of the positive moment slab specimens varied depending on the 
presence of a UHPC overlay and other influencing factors. The Control slab, without a UHPC 
overlay, failed due to concrete crushing in the compression zone at midspan. In contrast, the three 
slabs with UHPC overlays (O-PR1, O-PR2, and O-PW) ultimately failed due to shear in the 
substrate concrete. This difference in failure mechanisms can be attributed to the increased ultimate 
strain of UHPC, which delayed the onset of concrete crushing in the overlay specimens. This delay 
in crushing forced the failure mechanism into the substrate concrete, where it failed due to shear, 
well after the longitudinal steel had yielded and there were significant deflections.   

3. The O-NR specimen, subjected to negative moment loading, did not form significant flexural 
cracks until a load of nearly 30 kips, owing to the high tensile capacity of the UHPC overlay. After 
this crack formed, there was a significant drop in capacity, and the specimen behaved similarly to 
the control specimen and ultimately failed due to concrete crushing at the midspan. It should be 
noted that this behavior (pre-crack capacity exceeding cracked capacity) could lead to a brittle 
failure with little to no warning. However, this situation may be acceptable if the cracking moment 
far exceeds the expected demand on the slab, and/or if the slab was designed to carry no more than 
the cracked capacity. There is inherent redundancy in a slab system, but design engineers should 
acknowledge this potential brittle behavior when considering a UHPC bridge deck overlay. 

4. The Control and O-PW slabs performed similarly despite the large difference in substrate concrete 
strengths (4.1 ksi Control vs. 2.7 ksi O-PW) and differences in overall depths; indicating that a 
bridge deck constructed with lower-strength concrete retrofitted with a thin UHPC overlay can 
exhibit comparable performance to a deck built with higher-strength conventional concrete. 

5. Regarding the efficacy of capacity calculations, the ACI calculations were in line with the test 
results for the positive moment specimens and were conservative, with Meas/Pred ratios ranging 
between 1.12-1.40. For the negative moment specimen, the FHWA predicted capacity closely 
matched the observed capacity, with a Meas/Pred ratio of 0.96, when accounting for the tensile 
capacity of the UHPC. 

Overall, UHPC overlays were shown to be a potential option for retrofitting existing bridge decks, as they 
significantly improved the performance of the concrete slabs, allowing for increased strength and durability. 
However, the specific benefits should be evaluated on a case-by-case basis, taking into account factors such 
as cost, construction constraints, and the specific demands of the project. 
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Appendix A: MasterFinish XR Spec Sheet 
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Appendix B: WR Meadows 1600 White Product Data 
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Appendix C: Interface Shear Calculations 
Crack propagations along the UHPC-substrate interface were observed in some of the test slabs and 
therefore, calculations were performed to estimate the horizontal shear stresses at the interface at the time 
of failure and compare these values to the shear bond strength investigated in Task 2. A similar process was 
followed as discussed in detail by researchers at Iowa State University [1], following ACI 318 and using 
the following final equation: 

𝑉𝑉ℎ =
𝑉𝑉
𝑏𝑏𝑑𝑑𝑒𝑒

 

where 𝑉𝑉ℎ is the resultant horizontal shear stress, 𝑉𝑉 is the vertical shear force (half of the measured P 
maximum load for each slab test), 𝑏𝑏 is the width (21 inches for all slabs), and 𝑑𝑑𝑒𝑒 is the distance between 
the centroid of the tension steel to the mid-thickness of the overlay (overall depth, minus the bottom clear 
cover, minus half the bar diameter, minus half the overlay thickness). The values used in the calculations 
are summarized in Table 7. 

Table 7: Summary of Interface Shear Calculations 
Slab V  

(kips) 
b  

(in.) 
de  

(in.) 
Vh  

(psi) 
O-PR1 14.7 21 4.42 158 
O-PR2 16.3 21 4.41 175 
O-PW 11.5 21 3.80 143 

O-NR 14.9 21 4.59 154 

Overall, the maximum horizontal shear stresses at the interfaces ranged between 143-175 psi for all slabs. 
The average minimum bond shear stress for the Ductal UHPC was found to be 3.24 ksi and was discussed 
in detail in Task 2 Report. Therefore, the shear bond strength was on average 20.6 times that of the observed 
horizontal shear stresses at the interfaces during the slab tests. Similar to Iowa’s findings [1], these results 
show that if the shear failures in the substrate concrete had not occurred, the UHPC overlay slabs could 
have resisted much higher loads before bond failure could have initiated at the interfaces. 
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